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Thin pspee desseiies an oxperiuental inreatixation, onrried cut 

in tha Civil digineering Laboratories of the Ingperial College of Jalence 

snd Teohnalogy, of the atrain Uiatricution in + trinaversely stiffened tapernd 
box of trapencidal arossa seotlon under torvaion and bending, The overnil 
Length of the pox we 16 ft) 3 ine ond tne well thioknesses ~ere sufftoiont 
to prevent the plating from buckling wider test losdinga. 


The Jistributiona os direct smi abwar atrains cround repeosentative 
oes aeotlons are ahoen prapiionlio. Por oouprrison ith existing theary, 
aryes have beer superiigosed shoving tha atroing sotomiineg fo the angineers! 
Siewory of bending, the fredt-hetna two: of taralon, ond the genera: theory 
ot argyrie and laine. Too anxlymen Rove been pode Mo. the letter theory = 
one wean Tergubsaiont four room tute’ .sd the others os. tube ith "direat 
atream axeryin, covers’, 
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A merher of theorwtios] papers heve drwm attention to the 
Ladktations of the conventional engineers’ theories of bending and toraion 
ommonly used for finding the strese distribution in streased skin tubular 
structures. These theories are strictly applicable only for long meabers of 
uniform amose seotion ami do not apply in the regions of loads and restraints. 
hear sispliaity, however, has mooursged their extension to structures 
whuave the presdses are known to ba invalid. 


The more general theorlaa, shiloh have teen presented to oonsider 
the effects of taper ani the prouidty of loads and restraints, must be 
deiged both by their soournoy ani their si:plivity of spplioation to 
pertioulaxy structures. Tha present trewath: ation has been designed to 
provide information for use in exagining the besia premises of the new 
theovies, and to essiat dn detersirang the rane of usefulness of the 
eonvrentional theacles. 


Prototype wing testa, ox nom lily carried out, do not 
suifeble dats for thin purpose ag ine atreas distribution in sctual wing 
structures ie nompliosted teoth by tuckling and ty structural dissontinaities, 
in addition to the oharscteristion wich it 1a required to study. 
the min purpose of ful.esonle wing tests ia to establish the 
ultLaate strength of the structures, ant atrain meesurements have not been 
wesmared in suffloient detail for the pevsent purpose. 


'at Zhe repent survens inst son 


The present investigetion wea proposed by the Structure dub~ omaltter 
Aide ee Wo desired « detailed record af the 


partioular 
gmeral theory of tubes published by Argyris ard Damme", The muuam snale 
of taper of the box was Linkted to nbout ten degrees, owing to a restriction 
Aspoeed by a prasdae of the geners) theory. 


af 
“She Gerarel Yheary of Cylindrical and ( onion] Tubes ular Yorsion and 
Dowding Londs, by Jo Und pewrgyris ado» ie Thinne, Joonel of the Roy-] 
daransuilarl Society, 19.7. 
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A special test speciwen without structure] disoordinities we 
deaigned for the test, In orier that it should behave linearly with lon, 
the skin thicknesses, though large in copperison with norml sirorsft 
Practios, ware chosen so that duckling would not coour under test loadings. 
The structure hes been tested under pure torsion ard under oosbinstions of 
rehasie: ana toxsjon. The vesult= are presertad praphicaliy st the end of 

repart . 


The «ork wos carried out in the Civil dngineering Laboratories 
of the Teparicl College of solence snd Teohnology, London. 


te? Buleting theceies 


Althcugh the probles of finding the stress distribution in tubular 
structures om be formulated in tems of the expressions of the olnsaionl 
theory of elasticity, 2 thorough thearetion] analysis has not yet been nade 
beoauso of the very great difficulties encountered in mathemation), 
davelopaent. It seems protnble that nusericnl solutions oould te obtraned 
hy susoosalve appliontions of relaxction methods but unfortunately these 
wowla Look generality, 


In exlating thaaries the problen has been yeoiered tractabla by 
opiucgelons which singlify the silastic propurties of the construction mtori1 
amd prwsordte the nodes in witch deformation my be cormidered,. 


34 daa Sndemental ssaugtion of the oonrentional bear theory 
bniat the distributions or direct strains over orcas sections are Linear. 
with thin assugtior the basic proble. ia to determine the deflection of s 
Line joining the oentrofdal axes of cross sections one does not then have 
to nonmides the slastia deformation of the threedine nicnal structure. 
In the Bredt-Batho theory of torsion, it im premseed that o purely torsional 
ocsponent of load ot any cross section is dissipoted as » constant shear traction 
whioh ate tangentially wound the periuster, .ith both these sseumptions it 
has heen Sound poeaible tc cnloulate atrwas diatributions frou Hooksls Law 
ana the equilitriun «equations of atotios: 


It ds reson le to prosue fran the .rinalple of saint fenont 
that at regions reacts frou losda, restraints, and discontinuities, tha 
wtresa Gatributions of the oonvertional theory appronch the etual strese 
Aistributiong, Unfortunately in alrorcft structures the sapect retio of 
components 4a often low and it is seldon poseitlea to apply Ssint Venont's 
Principle with any real justification, is the highest stresses usually 
Oeoow in the region of losded ont restruinest scestiona, the conventional ; 
or elesmntary theories are offer, not sufflolently ncourste. 


In reoert years theories hove appeared which allow o pore general 
mode of dsforuetion under lood than is perdtted by the oonvent ional { 
theories. Attepts have been unde to oogute skin atrossea vhioh sotiefy 


the 

of the seterisl need be considered, fra: such » yremisc, ond by sesuning 

an idealiand geauetrioal form, Argyrisa ond Dass have erolved their gepers) 

theary of tubea under torsion ond berding losds. | 
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The of jects cf the iivsstigction bre teen fo find the strain 
distribetion ins modex-tely tapered, trnavarscly stiffened, thin-valled 
@arclanin box wider tarsice. at bending, md to give 5 coppariaon with the 
strains o loulated by the oomrwntion.] enginecrs’ theories tnd tha gcnarn) 
theory of wryyTis -nd ieee, 
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Firte 1 ond Figs? abow the box wiuloh wax built to SULT, an 
closely sa possible, tha aseurptions of the argyrin and Dunne theory, The 
box wos ayigwtrical shout ite central transverse plone as in on aeroplane 
iand, $0 sssurw oorplete adr] constreint st the central aroms aeotion under 
ay satrionl loadings, ‘rd to afford the possibility of cheok nessurerenta 
in tie second bald of the structure, 


The box wos toasted in bendirg, in pure torsion, and in bending 
plus torsion. The iovda were applied successively at the tips ond at the 
third pointe between the tip cod roct seotiona, and were resoted at the 
wintxe] oxvea soot ton. 


MBatritutions of durvet ond shesxr stroins ware pensuned sround 
xepauportative orces sections, ith the use of electric resistance strain 
gongew Pitted aa in Pigeh. The neasurenents have been plotted in a atandard 
far: wing the periartar of orces section as a base, and theoretical atrsins 
have been superiupoee! in omer to give 1 plotorial oouparison of resulta. 
Twa annlyses hove been node frou the argyris ond Dunne theory - one as on 
‘equivalent four boo: tube! and the otivxe na « tube with ‘direct stress 
Carrying opera!» 


The onoloe of 5 test box fe disoummed in lart 3, end a desoription 
of 3% im given in Pert ho The teat crome uid loading rig are described 
in Inet 5, the experfamt:l teohnique in inst u, the strain messurenents 
dn Pert 7, ond the cnolytion] trentoert An inet rc. A brief nonemntherstiood 
revim. of the »rgyria snd Dunne theory ia piven in sppoendix II. 


3+ Chokes of » Test Box 


It im qoegwrn in the Jeeicn of nixornit atructures to awsuce thot 
Shin pleting oon only xesiet shoor streases. lortiona of the plating which 
wid otherwise hevo ouried dircot streasan imy then be rllictted to boons 
and stringers on tie tasks off ar offectiva ddth theory, In osses here 
this predss de ccoepted the theory of .rpyria ond Dome tinds ite sinplest 
tppliontion. She aorgut tion da toler thy onsy for tubes heving fron four 
tao alx boora, thoush it cn beoow prohititicn stem the hoon are nuercua, 


Tag Sua an app lic.tion of the thoary ay be of greater 

practical Locrtance than the nacd conex:1 treotuernt, snd the departares 

fro: slauertory theory due to shear Ly ond other effects san be rach 
: fxreater chen Lorgitudin-i stiffening ds present, it ~-8 considered undesicchle 
: 40 wie wuoh « box for the present peo ject. For exagle, the present 
: axbitury alloo-tion of pl-te uwoe to bom ond atringers could ied to 
irgé errors if the plote -ere thick, Hower if the unlle ware suffloser.tiy 
thin for their influence on the dixrwct wtrosa distritution to te ~pp- rently 
i Aneigniffoont, they would surely buckley this would o-uwse the box to 
i beb-we nore-linesrly tnd would sorglicete the experiuert:1 srolysie unduly 


ile fro. proetion] consides tions of soeputrtion novarting to | 
tho argyrds ond Dune theary, if would hove been vornvertent to teat - four 
boot tube with very thin walls, for the foragoing reason this woe net done. 
Yurthernare, the premise of the sherrst reas direct-stress fliosation: noted 
above, would introduwe an semmption vAioh le not fundouentol to the genes) | 
theary, but bea uerely beon introduced far oomvcniencs in omuputing 
pertioul-< oases. icthastioally the sssugtion ts equivalent to replscing 
« oortingouwn function by « nsbee of discrete stepe and, wilees the 
individuol steps wares acnll cod sufficiently rmasrows, this could introduce 
oppeectsble ertar. i 
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The box used hat ‘ranerersely supported walls suffiatently thick 

not to buckle, ami emal. oriucr angles; this wos considered tc te the 
alternatives ::icn could be conveniently constructed. The 

chosen teper wes the greatcat to wilch it ws considered the theory could 
be reasomsbly sppliel for the purpose of the present investig«iion. The 
overnll sise vas determined from considerntions of topsr, oonrtructional 
linits, woxfosanship, sise of available strain gauges, ond the winiam 
conventent spacing of transverse dinplrogus which woul allow zsugea to 
be fitted on the inside of the box after three sidzs had been «ssenblod with 
the fourth left off for scoess. Tho thickness of the plotiz: wa ohosen 
so that its critical buokling stresses would be appreolebly (icher than 
tho warming stresses, and any initial deflections of the plating would be 
very wml fractions of the plate thiddawss. 


h. Pesaription of Fost Box 


Tho test structure was a box girder of trapezoids] cross sectior 
having a length of 16 ft. 3 ine and made of 12,410 B duralisin. It wa 
syzwetrioal shout its central cross section ond tapered linearly f<~ards 
sach tip ac that the longitudinal generntors of the surfnce net in cosmon 
porns Saycad as ends of the box. The box ia shown in Plntc 1, and variou: 
stalls of the interns] construction ore shown in Plates 2 - he 


At the centre of the structure o heavy, mild steal, bax oaponent 
voting reainforeed holes, vas bail6 inaide the skin to predt socess to 
stvtin gauges on the inner surfaoo at the root. This stcol structure had 
“hres parallel dlephrsgra, as show in Plato 2. Because of ita high 
rigidity, the cross sections which are olongside the ovtar dLaphrogos and 
contain the outer rows of rivets wore rugamiced as axiolly constroined 
‘root arvss sections’ of the outboard portions of the ocx, Acoess to the 
inside wos posaible through holes in tho covering betwoon the innor and 
an outer disphrega, snd in the outer diapiragn. 


At the tips and of the third-points butwoon tip and root, wild 
etcoel dinphrogma ware fitted for dispersirg the applicd londs into tho 
structive. Thenan lowing diaphragms ray be seon in Plitus 2 ond L, ond 
cyomdolts wuch sareved into then through holos in the cover, are shown in 
Flates 1 sri ke Tlie tranaverse shapo of tho box woo nointained by duroluidn 
ALapiragar, sproed at uniforms irtervala olong th: leongti of the atructure: 
thume vere pnrelisl to tho ‘root cross sections’ and als: tho central 
cresa sections 


“he centre line of the reer spar uo a straigyt line tras tip to %:, 


ut the box, and the tip arose sections vero half wey betimen tapar pointa enc 
roe cross sectiona. The principal dimensions of the structure are given 
callow and fn Figete 
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ow hw 
Overell length 16 fte 3 ine | 
Datanos bet: een root orces sections 15 ine 
Distenoe from roct to tip arces sections 90 ins 
opadcing detueen leading diaphrsise 0 ine 
Bpacing between stabilising distiuragee 6 ine 
DAatasoe between spars at root #) in. 
Depth of front spax at rect 42 dns 
Depkh off nwax spar at root 8 ine 
idetence between sparw at tip 4% ine 
Thiomess of covers Oe1W ite 
Thinknesa co spars O.157 ine 
Thiokness of vets of atabilicing diepreges 6,0) ine 
Thickness of «eos cf lending diaphreoe WB ine 
Tnioknens of plating of centre) stiffening 

atructuce + ine 


The spar vet plates rere Slenged outwards at their edges and 
vere joined to the covers by steel rivets (:late 4). The length of leg of 
tha 'oornert angles', eo formed, was kopt se small as prectiocsble, By 
auitabl, seleating rivet sixes ani pitohes the leg length was sliowed to 
taper Sowaria the tip in spproximataly the same marnex' as the rest of the 
box. Tha riveting at the corner angles san he seen in Plate 1. 


In odes that the Usphraree should offer the minim of restraint 
%o wrping wet ivad, the attachment angles of the atebilicing diaphrages 
andl the Plangen of the lnading diaphragms were slotted at intervals around 
Shalr perimeters, o2 ahow in Flge2. “a inoresse the rotetional restraint 
oF the diephrngms sgainat nusslirs of the covers, the legs of the disphrage 
attsohmert angles vere propped from the -a5 atif comers as shoei in ilate 3, 


The centrss etiffening structure end the losding iephrages were 
welded mild steel plates and the surfaces in ocrtect with the akin were 
maghined to a tcleramoe of G.012 ine Light alloy oumtings ould have heen 
toa poatly and sinilar ouponents of riveted construction would have been 
too qumbersnas. It in probable thet tespereture stresses vere Introduwed 
ty the differing thermal coefficients of expension of stee] and durelunin | 
but this wea sooepted se of Little consequence, singe tha structure behaved 
Linserly with load wm syoles of strain readings are taken under preotically 
constant tesperstures. 


The teet lords vere tranmaitted to the structure by high tenella { 
mteel cye-tolte, hich are saree into blocks sf alld steel welded in Linc i 
wSth the .ebs of the loeding disptragm, os sta in Plate 2, Yhe applied 
loadsa ware transferred fro. the blocks into the dieprsps vata and then i 
4isperee around ths perimeters. Only semi) iistietion -ithin the plene of 
arose section should hrve coourmda st the losdin;g dispirsom, »0 the shew 
rigidity of the steel .obs «an equivelent to thet off darelindn one ino 
shiok. 
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To decrease the influenos of the scoess holes upon tha atross 
diatribution nearby, atiffering streps were velded arouni the periphery 
of the holes on the inside of the central steel structurc, and then joined 
$o the central diaphragm so thet the atraps in effect bounded esoh 4 jocant 
pair of holes.e In ackiition the sentral steel structum wis wsde of 
half-inoh plate end so wes very atift is copperinon with the rest of the 
boxe The half-inch atoe) plete ani durclwiin coverinz hed = combined 
rigidity equivalent to durslumin 1.‘ in. thiok. Those preecutions ensured 
that the access holes had « nezligicle influence om the atresa diatributions 
o& the soot orcma sections. 


To limit the possibility of rivet slip -t the root orcss section, 
the cowexs smd spores vere moda of continuow sheets from tip to tip of the 
box, «nd sdditional extesnai cover plrtea vere fitted over the region of 
the ventral atirrening structures. The front aprr of the box waa fitted 
lawke Solid rivets were used for 121 connections exispt -¢ the jumctions 
of the disphregm and the front apw ‘hare hollo. chovert rivets were used. 
The dudign and construction of the teat tox re .ulred the preatest care and 
Shanks are duc to the fairey avintion Coupany, who inde the box, for 
maint ining » high atomiand of .crlcanahip throughout, 


De = ooding Apparetup. 


MES prvlininary .o the Lnvesti;: tion, it ica neocosary to build 
/ ep om Srame ter iosding the box. Though the firme ami loading apparatus 
have teon made of 1 sine and coupsoity convenient for the preacnt teat, they 
wee dadigned for general use in atructursl teatine and no remain o@ 4 
pert of tha permanent lohorstory © jpuipremt. The test frame oar te used fox 
spplying up to four tenali losds of). tone ongh, in vertdonl ox transverse] 
hardronts1 diregtiona, anyern withir a apse of 725 95. 8 Mt. In 
midition, one single tensile $'' tor Llo-d, or toc orthogonal os tuo torsdonwly 
Opposed tensile Toads of up to 3 tone eno, om te prsdted in the centre) 
treneverse plane of the structure, 


Ag amy be wear, in Plate > the space frase consists of four parallel 
and vertioel port: ] Seucs, sbich are mot -t richt angles to tholr common 
Longitudinsl axis ani ther trvced tocethr. The tricin dn careied externslly 
or, owtrigsome ag that Ait «ill pe clow ex the Toraing spparatuse The 
lsborstary loom ds of tinter on steel joists at owe s basement, ani all Lives 
Loedings tdi therefor. to br = uilitr-ted with: the Cranes 


woeda arc apelich ty aedreulh cote oting Jeoke supp etek on bow 
Spacning from on ater te an inner Srracs The jroks oan bo moved along the 
beams, and the teams aan to poyed prownd the perdmeter of the portal framex, 
as Tegaired. At ground level tharw is a control panel with en array of 
needle valves far oparatin: the jocks, eithor individuslly ar collectively. 
Nespmrenenta of load ore sdk with statineteras ami » proving rings the 
letter is also used to recalibrate the at«tinetors at intervals during 
tests. It is estiinted thet the loads ir the present investisetion were | 
wonaued within an error of 25, of 19C lb chia. over waa the gepater’ 


The Sest box wes supparted at ite centre by Four steel straps 
lying in the central tranaverve plane of the structures So that the ; 
girdes could be Pres $s ‘acc seu! sdowk its centrs, the ateape were pir. 
Jointed Ath wiversal links close to the -irdar. Undes 8 very Ught posh 
the tip old ce uoved wp axl down b> 2 to 3 ine 


Tre rkaze for ap lying the test loadin ic snow diagramation lly 
Ans Piged sxi iay be seer in detail in the varices photogr phe, It ~a5 mde 
vainly of hind: tenes e steel and has the seae load ospwity oe the teet frei, 
Sor sabsequart qenetvl use. The itrawsge «8 ocurtertel arom ac that (ta don 
eight wa net spplied 22 tne fest box, wal ao tat the foros at the sespurin: 
(natreerts are either anol ft. thc spplied lu-te, ars Chae extic oF thea, 
ame did not require seme oagtmect hes, 
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Yhe tox -an ipsded syrzstrioally, at x crcse seotion on ston wide 
of the tranewerse centre plane, b- raroesn atetionliy equivalent to « 
vertionl shear «xd st isting uccert in plrnes of application parallel to 
tha root across sevtions. The coined on ponents of load were reacted at 
the contre by the four strepe supporting the cinder, As the straps could 
only realist tension four of the: era necessary, 


Tie cpplied losdin, de shown an fhe unper di-grau of Miged and 
the Linkogs ahomen ta obfoin dt in the lower di ycmue Lt a symeetriosl 
arrergenent of jeoks Le beorn wed, noting ag in the upper diserac, then 
tha shea oagornent of loud, FP, could herve had to be found fron the 
Aifference in readings of tis secaming insatrwents for the upward and 
dood loos, Phe pexrvcrntecs axrmr in €F odicct then hers been uuch 
hizhex thar, the error in Foor or « /?, pnrtioularl; chen 42% wie spell. 


dino. the oo ponent cf lod VF protaoed the bermding strains at 

the rowt, it ax neoesenry to mic. ite volus ‘4thin the sau peroent age 
saxo am the long FF. this vee possible .ith the linkage areongerent 
opted ag AP wna isseuted dircoth:. furthea: the orthoyonel arrsngeuont 
at foroua snauted tht the loads applied t the 40 horizontal jacks wore 
wqusl, and, axocpt Lor offecta of clewtio defor tion of the tox ond dust 
f{rua, ate uncYoobud by aliuit vertiowd rovesnte of the teat atructuru. 
This opt oeent cayent: a, sg the J cka cperttod at four separ te pressures 
in onder tht the x tio o, lovds could be ohmngal at the aantrol panel. 
han od Juting the lo. da only three of the jeoka noodai to be opurstods 
after c Little pricticn ooh inatriment oould be ut Mated for full losd 

in nbowt 15 soo. 


Ke peomurayent of ote dre 

woweMtPhiec galatenu. atin oouptm oom. ~ttraned cron $ root 
oroaa p@otiona on fA aldem of the guntres] stiffening ateucture ond at five 
‘dkition-] cops awctions in me i LY or the boxe Two of these «re loonted 
om ehthoxy mide of the innertocat Lorin dirpems gy. ond the reundning these 
oentrslly in tis three pproem Eot.cen the Lordin: ddaphr cae art tha root 
atone awa lone 


who Jodrfdon uel ubetrination 60 0 ales da ahown 41 cig eke 

Uteodawt air Ja elerant . wes (inelys ioe o., FO onn Fi ine gauge 
Jen ti) were oped, -@ roostte atroin 14 ee ote not nweilable, They vere 
tReched Un p-tterns of Lon, btidined cre tiucLined ,oagom, to pesaurs 
Linesd atreing s.on nd ot AS kk reca to the penerators reapeotively. 
Gaugee were pi-oec, ith the aus orhentrticr, on both the inner and 
outer surtedes of the pl tin, nf the diatritutions vert ayimetrionll, 
diaponed phout the oontrws of the aides of cross section. Before 

OFR Ching tie goujoa popper tepl. tox 2ith reaten ulost holes cut in the 
doalind pottarne wore gluet on the inner cmd outer aurfsoca Of the plating. 
The begil-tea vers Loonted Mon 1/16 ins holoa drilled through the pl ting 
°t the mde of arose section eldcsa, x4 the graces were clued -ithin the 
Freutéy, loa sca iumy te acer in FL ten 30 md Le 


at -paeente of atrein -rwicde <its 4. lawinwouth ork, 
Sew., .° dhannel so-nner recamdi.r, rocoming UF palecli: on abroular ohartay 
Oe > > Boomand stro in gouges ads aad, cette ed In groupes of forty. Kot 
group era amd to ~ plug of -2 lgwrovised farty point i:arou witoh, the 
bres of Alon +a cornmetiud pafrnentlz to fart: ah rmcls of th recordetts 
By interob aging the plage such fitted in the boa, postioulr ,rowe of 


gouges «iw giidkly cai mlested for recoding. Yhe londing oyoles 
had fo be repected for exoh ; wtil -2) desird ies mumsents maw 
reoorled. YRe wr-ng ie aho.p in “hots 9. 


/ 


- 
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1% -<.6 dyrtended to rvduos the Labour of ‘zero polsnoing’ the 
i ae eedetrenoes Bride to peosuruent, by wing gouges with only « rand 
tolarrnoe of 2 G.z cham on their readers] resistance of 100 chia, ond leo 
be uming only spowiclly a: leoted gauges of 100.0 chem sa chuados, 
Unforfum-tely, after oll gruges were Slood and the wiring as oaplated 
the resisters tolersnos was found to be about 2 0.6 ochre witoh imu too 
lores for the necsuriy inatruvert. 


An cetugek was then unde, by soldering short lengths of resistance 
wire in serlos with euch gouge, to ad just sk gouges plus thelr pairs of 
wives to within 2 0.05 otem of 5 nondnal reslatmnoe of 101 orm. Had this 
been suovessful the labour of ebtaining readings vould hove been approxiartely 
hilyed, sinos revo balancing vould not hays been necessnry, aw al] readings 
wale hove been .ithin the sosle of the recorder cohorts. It wis not fully 
achdeved, but a grest fogmovenent win uade and moot gouges wore finally 
-Athin 2 Oe2 onex and st least half were Athin 0.1 ohn. 


A salitoration bem: 8 used ty aheok the reading of the recorder 
and the peheviour of seuple gsuzed. No nliguance «3 nade for latiua) 
nensitivity of the gouges, believed to be about 2% of the lat atrrine 
The atreing wets nespured within an eathosted error off 1.5 4% 107, 


Mes vinwil ald in reading the atraing witch had been recortod 
Xayndos Ly on $i aivoulax charts off the Heldcin inetrasent, « turntrdle device 
oe inde hewing © soele of strain pourted on 5 quadrant arma. This my bu 
moor, Blight)y right of centre in Fite 9+ The quadrart pivoted sbout the 
fae oalntive point as the per am. at the cuoomder, EB rotsting it until 
the nemo of Ste sonle colnoided -ith the 'hrecline! reading usde at xero 
Lond, the sc-le gould be reed directiv, without the inconvenience of 
rently subtracting slicht orrorms of the xoro sutting. 


Tne teat resulta are Sirst plottel on prep as shown in 
Finns 5~), which for comvernjengs Ad Soun printed fox enah corona section 
wAth the grid Lines and gouge arlent:-tiona ahoun on thu papers Curver ware 
trem thrown the teat results for sidisxly orfentoted grujos, Dean yoluce 
geins taken for inner axt outer ccucug. The reaulte ces thon replotted 
on gteyhe shoving the cull grows section. .xinl direct strains were plotted 
dirwotlyy; phen atraing were plotted iro. the yvertionl intoroepta betwen 
the oes for dre lind pauges. 


fe Kepertperts1 strning 


The test structure wie lovcel ith conocntreted sorows appliod 
nt thw tips and xt the third points octwen tip and root sections, The 
farcss ‘re sp metrioslly dispoma: stout the oenten] arose meation of ths 
box and tay in planca parrlle. to the root arass section. The a0. 
tronmudited So the box through the crrbolts indiosted in size} and shown 
in chote 1. Conditions of loading renged fra, vertios] shears which 
malaly produced bending, throug! ondined shezr and torsion, t6 purw torsion: 


Stersine wtre aescured =% sections ¢ tO F of Figehs The 
reeulta are @howm geephioally in Pigae § to 41. Por convenience these heve 
pet shen in » stendard form, welng the perigster of orces soctions sa 
= bane. The loadings, -wsourenert peotions, 2nd corresponding fMguew 
tapbors of reaults are given in Table +t, 


2 Pe RRM: TA IRN HORE RIA WO te ' 


Loeaines wt crops section 5 of djatance fra: tip to root 


pert ew wea mer ee Se ee ee Dee ot Reket ee a | 
streurcd xt choun in 
. Lee d here eppleed tect Lon firuss x 
20,000 lb front syembolt | 1, 3, Fy be ss 42, 1b 
45,000 Ub ee "b ee 
20,500 lb rear oywovolt fi, ap by Ce 5, t, 43, 15 
15,000 lb i ba u 
| 6,125 1b one ohord out 
: 1 fra, rear spar [ 4, Hy Co Ds 3 i re 42 
hOO, 006 Ib ine (pure torque) | dy Cp D K, 40 


leading st cross section 4/5 om diatanos trou tip to root 


oA at ak a Ode ahesteketed heteneherinaed PR a a = OS It Na al Se 
Poseured nt Shon in 
Lond yaore syplied wection figure 
Fo alneiine Rastonsdatanitialendintion ten tathe Real 6 A ak AE a a et ale oat a as Pt tens = tm ak eS ie OR Em 2 ate ene Vise amt Mot ge, OE Yom rhe Sean ne ee 
a ; 
| 40, 000 le front eye-bolt " “My b, an D, 18, 2, ey aly, 
ue eh, Pas] 
| 40,000 1h rear ayectoly ji, i B,C, D, 19, <1, 23, eb, 
| ae aly 29 
{ , 060 at One ohord out 
axa. Star ayer a> by fe Lbs hi, kG 
300,000 Lb in, (gums tom ype) poy Fy oe be, MM, bs 
eae Th, Midas te te Wm a he ne RE ee OE Rm nin TO ak ht oe — se eae BA Se oe a ee ae A 


homdang at ti cross soct it, 
I eect caethes Maan eninaananesl (A cee ear Hp einai Hetemdemce oe Gap rei 


3. puted 2 aan dn 
EOE LOL fisere 


ae dis 40 das ey ek Sa a a OL Kea haeheddoaIeahadectestostesh ataamatedhed 


Lad here rpplira 


D ahaa lt selanteminginstentaslntnden tadankall FO Rn em st, el Yon sy et sa Same A 


b606 Lb front eyeedolt 
6665 Ib rear areebolt 


OO te ay FN — a — i Som lee st Be Ai Si, Mamet i ies, ih tak A rtR 
a Ms bo i, 74 Ky Je, {#4 
> Ay hop He FP Sty 33, (55 


eh te: ae Ht Hines Mavens eh Rag ik PR A Int aa le sh Hit aoe Steet Beek Eo , ceeeieadiien mianeanenedaietitaien tend 


The experioentel resulta fur the box loaded prinolpally inshesr, 
that ia by a single vertical forse 1pplied directly fo an eye-bolt on each 
aide of the omtrel aroas section, were obteined oeforw ina linkage for 
tarelonal loadings had been constructed. It can be seen frou these that 


Pigs. 5 and 10, of 9 end '1, of 16 and 20, and of 13 and ct, 28 suo thot 


flee ven not -ested in later testa in t-cing readings or both aides of the 


| 

imesmenents cade et sections } onmd .. woder the sane loading 
conditions agreed very closely. The azrewwnt ag snow by omgerieom of 
aertre] arveas section of the tis, 


we 


m= FH we 


a& On aid tn occparing regults, the poxiing Loeds of 6666, 
10,000 ef 20,000 1b -ich were crplied at the respective loeding sections, 
hod been chosen to produce the sxe bering maent, of 600,000 1b in. at 
the root gross section. The .exi-w: atress corrweponding to this manent 
wae BOO peped, (nocording to slanentary theory) ond wes appreciably less 
than the oritios] ongrossive stress of tho cover plating due to the bending 
of the box (at lesst 9000 pened. onloulated on the sasumgtion that the 
Ginphesgos gave only aimsple support to the covers. 


at way be of intersat to note that, though the oonatruction was 
vary good and naxime: initial deflections of the plating only about K of 
its thidavwss, « msber of the strain gruge results indloated that slight 
buckling coourred in sam plaows at -ell below the critical stress, The 
‘packing’ wes noticed nust off all at section 5 when the 6666 1b Ipals are 
applied wh the tip. Dial deflection gouges showed 1€ to be 4O « 10 in. 
betwen disphrsgas, ar 26 of pliia thidmess, and to have inorensed 
appr vaitetely Lineerly with load, 


Apest ficou the slight disarepency in surfoos atrains, the box 
bahaved linesrly with losd. Yo haly oonfir this the results ehiwm in 
Figedt ware predicted by superizposing oo ponents found by taking the 
required Sreotions of Mires 10 ond 44 in oder thot the so bined loadings 
womald be atationlly equivalent to the lordiny of fize5i. Pho prediction, 
shovn in Fg.50, in ressonebly close. 


On omgletion of tha teats it wa found that of the 1055 eleotrio 
Fealatonoe strsin qnugwe fitted to tha bese only 21 wore defective because 
of open alrowits ar large opparcnt zero drifting. Most of the defective 
Xges ware on the inside of the bax and had been damayed dnitislly dur 
anambly of the fourth aide. It is perhops renarkoble thet of the 1035 
rewaining serviosble gouges, cessurenents fra: only one have been ignored 
in plotting the resulta. This gouge -es looted inside the box on a 
oover wt Seotion B, and comistentl: g-ve high rendings under load, ever 
Shough sero rewedings sera repentahla. Zhe readin.« frou the corresponding 
gouge on the cutee muarrac coreed iin the trond of resulta fron ad poent 
geages on both eldea of the piloting. 


Se  Coppetted Strain 


Strains hove beet aaputul beth bo: tonvention. cleamtary 
Stories smd by the serncarel thiaty of ocyris and damre. They have been 
plotted on tha awe raphe og the axperioent i resulta, to give a 
Paotorial oopperison sot «er theory amd oxperlant. The vethed of plotting 
WAL be understood by sofaronce to the Shuuree. 


No attergt hoa been unde to ottal: 'experkient.1' stresses fran 
ianmed atraina, a9 it fa considere. warm fundssartel ond airple to oo pare 
iaasretenta end on putet ions dipockly. Tt ry, however, be of interest 
fo note that s strain of & « 10 in dureludn is equiv lent to os 
unidirectional atreas of MO00pes.is (167° tons per Byein.) of a shear 
wixess of 1300 poaele (0.696 tons per aqeinsi« 


A bricf record of the cogutetions is given in Appendix De tu 
snalrees hove been smda using the general theory of argyris and Duna ~ ope 
treeting the box aa an 'egaivalert four boa: tube’, and ta other op. tubs! 
with 4ixcct strese carrying covers’. 


uu 
ourree imy be oomfiseiz;, the results have been t-bulsted slongeide each prcphs 
Strains frou. the Letter snalysia hove beer shoun only azsinet the results for 
Sarsion, smi sack other resulta where ther ryped to be algifiowt. They 
rare gives Sally an Sspde * for sli loadings close $a the root cross section. 


of 


- 42 « 


5- Piempsion of Results 
So Sonam 


ds opoas sections of the box have « norizontal sada of ayueetry, 
the distributions of thearetical strain ir. the upper and lower halves are 
syrmetrioal in mgnitude. Because of the sign convention slopted in 
plotting, the shear streing are of like sign snd the direct strains of 
Cppomlte sign. Inaspedtion of the grapha shove oloee agreement deticen the 
experinentsl results for top end oottas covers sand for the upper and lower 
ree of the sper webs. This confims that the straining wis linear 
with load, 


An exception to this syyuertrioal tehaviour is ahown by the direct 

strain in the front spar web at Seotion C for lomlings of Figa, 14 and 40. 
xhe deviation, which wa checked ty repeating the measurements, ia not 

oormidared tc he due to :dabshavlour of the electric strain gauges on the 
web mt that section, as the results show in Pigs. 2, and 25 are satisfactory, 
it samy be omused by rivet alip on deformation in the of the 
loaded section, since the front spar wis fitted last and holo. Chobert 
Yiveta had to be used to attach it to the internal diaphragw, Such 
behaviour does not oocur at Section A, “ivan it wan possible to use 
wolid rivets on all four sides of the root orcas section, because of the 
yroxiadity of the scocss holes: 


In general the exparinert:) resulta Lie along continuous curves 
and Felatively soll individual sontter tn apparent, and it ony be inforrot 
that the results are « fsithful room of the atraining of the box. 


~ pererel treml of the expericents] resulta for ‘shear! loadin 
show in Figs, S31 is thot the recnitudes of ahear strain in the covers 
nite giver by Lines of reverse mavcturc, sheresn Linas of single ourvature 
are predicted by the olawentary theories. The iiniran slope of the 
experizentsd Lines ocours at about the centre of the covers, where it is 
sbhowt half thet off the clenentory thoorles. Ta alope tends to remain 
ounmtant over 4 central bend acowt colt the width of the covers, and thon 
49 dnorwaac toward the gornere of the sections. This ts partioularly 
wridernt for loadings close to ton rote cn omy alec be seen fron the 
aepha, the effect Mf oalterin, the topstens] scrponert of the ‘shear! loading 
de to displace the ounve of ahear atrain Ore. tne ocean Line by aonstan€ 
inage ents, 


IN nay oppear fro. Figes “ rnd ‘0, that the Lines of oxperinentsl 
aber etrein show in the front mw are pore sharply curved than is 
consistent with the large rate cf change af direct straina with depth 
af the sper web, 


Lerge appreecistie devistion fra: linearity of direct atrein over 
orces .ectiors of the covers in evident for icing clona to the roct. 
At seotions Po ond 4 off Fign. Set" a large decewane in dixrect strain 
ee Feooied nea the centrw of the covers, xhilat at section ¢ and D 
o€ Figa. 4h fot? there wae s lege inepeses, Sey 46 other tw sections 
ware loaded Nevistiona fron Linnarity vere very gestly reduced. 


The expetliwets) shear gsirsiie for pure torsion tend to resin 
ooratart in waoh wall of the tax, This is partioularly evidert in the 
Yeuulte for section 8 «smd E of Fices bt and 24, shee the distrit ution 
Of wtrain We very suugle. Greater devietions fro: uniformity of shear 
strain heve bem fomd for toreional loadings spy lied nmearw the roct, 
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The Sorsior bending’ direct straing, sich heve dewaloped far 
tha pure torque loadings, appear ta be sell ezuilibrating.s They are 
of angistpeted sign ad ate lerger for the loading nearer the root. 


The reeulta for shear pius targus show oharactoristios of enak 


« 


902 dageatary thearive 


Figse 22, 47 and Lf have boon obtsined for Section. B whon 
loadings of ‘shear’, torque plus shear, ard pure torgue respectively 

were spplied at rom 120%, Jootion h wus reasonably reewte fron loads 

and restraints, and exeninstion of the results shows that the elementary 
theary haa very good scourscy for each of the three Inadings. Beoause of 
the statical ayivelence of theoretical and true stresase, it oan bo seen 
thet the shears, nouerta, and torques corresponding to the experinentally 
teumeed wtrwins cumt havc been in oquilitriun with the applied icads. 
Henos the oxperlumits! teonnigiue wes satisfactory, and the values of direct 
and shear noduli off clustioity found initially fron tests of spaoloine of 
the metavial, and which were used in computation, recsined represent ative 
af tha Fabricated atructura. 


A Gatotled copparison cf theory and experiment nay be mede by 
studying the figurve, 


It Aw interosting to rote there thes axiua, experimental shear 
atrolna differ appreciotly fron the swdiagi atroins of the eleoentary 
thoorlos, Ir. Toole 7 ths differenmes, axpresssd ag a percents gy of tha 
Sheoretioal voluca, have beer Listed where those axoced 5 por conte at 
the direct strains due t+ torque hive no alauentary thearetics] valuce 
they hove heen Liated, inatond, ae parsentsgen ol the sligle thoary shear 
etrcings If Figed¢ the cxperiuentsl shear atrein is irtoradiate betieen 
the olupentary and general thearcthool v-luaa, bidet ir Figs. 40 and 41 
the general ond oxpurbanial voluea ae ir slcan icteaamt. This Le of 
iqortaonoe ag the grastcst deviations, Sh: for pare taraion and 21. fox 
torsion plus tending, have beer found Use ifotely Lrboamt of the loading 
aeootion ato roa ihr, 
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aftor the iain teats sore cupleted two inclined gouges, which 
tay be peen at the upper left hand corner of Theta 3, were fired on the 
outer surface of fhe rear spar wet Leeeddiatoly inboard of the loading section 
we rie 120", na large deviations can be cxpeoted Lwdiately intosmi ao: 
inne loading seqtions. The readings fro. these tio gauges Indiceted 
deviotiona cf about «0 ir shear strair. for the torsional Inading. 


SoS Eheowy of starts apd Dae 
The oagadation for an ‘equivalent four boa. tube’ waz intended 
Ro give a firet spproxi:ation to cagenerts of the self-equilinrating atvospes 


@ue to torsional oagonenta of load. Ip. thin treatuert the distribution of 
Aireot stress in each wall is peemaed to bs Linew and shoar lag and related 


for both torsional and shear oagonerts of load, 


Pray 
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Fron tha reaulte it can ve seen that Loth treatuents have given 
a felr setinete of the streasep duc to torsiona) loadings, but the second 
txvetiont haa not interpreted tho ‘iszzine! of ueasured strains under shear 
Loadings, as amy tw seen fran Totle «6 anslytior] resulta Dro: the asoond 
trastient nave not ocen plotted un the graphs for abcar lomiinga, exovpt 


for the vebs of Pigas } and 9. For the londings -t rox 490" the theoretionl 


resulta of the aeoond treatrent have beer, Listod dn Tobie os 


The vomits Com pure tortion it rox 150" wre of intarest os 
they ahow strain diatritutiona oloss to the: ract and on ooh side of the 
loading sections, At the rout th forslon tending atrins ave in close 
Agromuent vith the theory, though the ahecs atrains are suoller thon 
predicted, and are intorradi.t: tvbwoon thowe of the general ond ele entary 


thearieas On esoh side of the Llonding scotion the shoar straina of experiont 


and the general. theory see in very Zood agreamnt, ne oy be seen in 

Figee hO and 2e Thin is of grest Lportonce os the recomied shanr stroin 
in the rew spor web dspodistely anborl of the lording acction (ace ¥ ip 40) 
Su neout Ak» water then is prodioted by the Brodt-B-the thes ye 


Tha xvosulte for Losdinga cabinin: torsion and shou oxbioit 
ohoxactestlation of both the shear and toraion aclations. 


The Lotewol atreining of th. pleting wee Vary soli, ant ia 
aonalatemt «ith th. amsugption thet it fe auffiapently apell to be ignored. 
Tre lntewtal wtrein at the cecgurenert sections could be ohtained quite 
aliply fra. the grephe of Lines] strains, such sa show dn dines 9 to 7, 
Ly aabntrooting the axkel dixvcct strein roa. tho sun of the to Inelined 
piveol strsing which had toot p40 nured de orthocns] directions. Frou. 
fiche & tu 7 at oon kk seen thot the Loturel mtrain ie close to sora, get ot 
oypouste alpn tc the aks] dle ot aty. ds, cp wouldf have been expeeted Mo 
the folagon affeet. CAthough th. laters] atrrinivw: recaine lows than the 
jokemon ¥olee, Lresae of the tro svarad reate kot of the disphroccs, 1 
Au oormida@ed tet Sue tronaverac ahead a pell oo atroin dw aafekolently 
meld to bn isnuped. 


100 Cope laphon 
The teat atractam och cult to fulfis, .« clem dy a yesaktity 
the saaugtiona of the sro) tiewy oT corks mbiumes It hod, 


Shaye fur, a cadets wpa confocal Couper oma am atte fpr oath cl swely 
Bypadod traneyera: Maps cae Tr thinkrens of [1 ting perverted tuwklin, 
atk the stractige foteyed Linesrly Uti, Lows 


An Ssgortant vanagtaor of the general theory dn trit both the 
tronmvoree direct utreaa and atroin are gores This, thouch an ap, wert 
andumly da conmidered justifiable er tic romultw abwm fiat buth wintities 
axe aufflolumrtly aun $1 heve been Apnored.e as anticipated, the error 
of the eluantary theariea is lerger for loaiinzs nearer tho roots Under 
the shear loads the imxizas. direct str ina at the rock axmeoded those 
wa gated fra. the conventions] ben: theare ty wots 20>, and under tarqua 
the rexias: ahoar strain iseedistely inboard of the innartost Jomlinr 
avttion exowsded that of the Aredt-retho t..cary ty Mie 


The ougwistion for an be paiv-lent four tou tube! ong 
oxgaeretively alr@le snd could have toer. caglutel ins wook, willst the 
oaputcstion and tebulstion of results for the "tube with direct st cess 
onrtying covers’ ueen lat oriom ond veqiired spproxinstely OO nan hours. 
Both ocpgatetivns 2-o a: agaally cood estizwts of the atreing due to 
tommbane] loadincs. The foam som tamegticn could not of course interpret 
the atreir lrg shen atere loa vere apylicd nd thia aa the onkef reson 


for! 


to comet ree eo nereumapapmesro mower seme onan? 
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cetained by amalyzing the tox an en ‘equivalent efcht boon tube! 
heving four equally spaced ‘b-ore! sorves osoh corer. 


The atolywis for four toon tubes, Leonuse cC its relative 
alpliolty, should prove usefi.i ir estineting the stréesacn due to torsion 
af tubos with quadriletersl cross sections. It seem resmsonable to state 
shat the aooursoy will bo higher unen overex boos ate present though sone 
exporigentel confinuation of this is 3 aireble. 
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Finesay thonks cre duc ta Ute ve Ue Cho poe fom nupersus 
drreelusble disgussions during tio corse of the pre ject. 
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For convenience in presentation and wo, argyris and Dume have 
given the re alta of their theory es correction atreases to he superimposed 
® stresses sound by the oorventional engincers' theories of bendirs and 
torsion. As stress distributions of the oomentional thearica are statioslly 
oqsivalent to the truc stress distritutions, the corrections have no statioal 
resultents and heve beon called ‘self balancing’ of ‘self ecuilibrating’ 
otresses. 


The authors have developst their theory fro: the conditions for 
elastio equilibrium: of an infinitesinally small elenent of usterial, The 
following alrplifying assugtions hrve beon nade. 


1o If ald generetors were produced they -ould wet in » concen 
point outside the tube, 


2.0 The direct stress and atrein nomewl to the genecntora sre coro. 


3. ‘The shape of cross section of the tube le meintsoined py an 
indefanitoly oloscly spaced syste. of diaphrigas rigid in their om planes 
but offering no reaistenos tc defloctiona out of their planes. 


ke = The dlaphvage are all pareliel to the root oross seatdor. 


5. The angle bet-vecr any gcnerntor and tn axis perpendicular to the 
diaphragia is ao mull that its aqiore da rogligible sunperad to unity and 
its cosine nay be veitten as unity. 


6. At any point the shear atross slong » generstor ia seeuned to 
hawa the sae Vslug *a tho sheor atress parelis) and norme] to a diaphrega. 


Te The shear uodulur is agpocdintod «ith the shear strain parslle: 
to the direation In dich the sheet is foroul ty the disphregas to be 
effectively rigid. The Lreot nodiuus ia soocksted with the direet strain 
slong generators, 


Tne fundsoat.tod uesumption of the theory fa thst the aross 
aeotional shope af « tuta is kept oonstant. Pra: this it follows thot the 
event wider low of ony point on the tube o-r ty defined ty an axial 
verping diaple spent ani by the baly rotstion and displecawnts of the cross 
nectior, shape cortoining the point itir its ariginal plane. The three 
dsplacawente ard the rotstion appeor as yarinbles dr the snslysia ond the 
atreins are witter slocbratoaliy dn tert of thelr derivotivos.e .# any 
traneverse direct stress in the wells of « tite is seed ta be rer only 
ane egiilioriu: equation for th strosses st x polnt has to be sotisfied. 
The 10 jor pert of the snalysia is ooncarnad, in effect, 1th the solution 
or approxi ote solution of thie ogilitriu egintior. 


The oxisternde of save stresa gotion, FF, far tia tube la sama ad 
ctdhah hoa the for. of a function, ¢, of the ilatance fra: th: taper point 
tiwe s Mmetio, h, of the distance sragd the periater of the root 
cross soations By ecressing tae equilibriu: egistion in tems of the 
winoa stress Sunotion it hee tecr. possitle tc split it ints t:z soparote 
aLfverential equations, one ir terre of the fenetry of the root omoas 
aeation and the wther ir ters of tie distance fruit t.per point. These 
rive the transverse smi toncitwitr J veri tiona Ln stress. 
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The eg. ction involyin, tre Uistence fra: the taper point ona 
second order darivetives ami its solution ia not very difficult uhen the 
akin thidkmesees are either conste:xt or vary in convenient ronnex ~ith 
Gistenoe fro: the taper point. 


The equation involvin tne geauetry of the root arcas seotion is 
linear api differentirl ond has os neparste solution with two arbitrary 
constents for esoh .rli in -Aioh the thickness and slope are continuous 
functions. By coonsiderin: the oa patis! Lit» of direct strains and shear 
flows nt each disountinulty sround © arvas acotion, on equition can be 
forred for each of theos arbitrery constants. Together with the three 
oquations of statios for equilfbriu: of the forces inc plane there are 
ane 3 linetr shult-:cous equetions far : tube where no is the nurber 
ar olla. These cqurtions teve non-zero solations hen the dateruinantal 
squrtion in sexo. In generc] the dcteusuinent:.1 equation is transocndental 
amd has on infinite nueoer of rocts. 


The dirwot struss carryin, -bility of the volls han been tre-tod 
spalytioally Cor only me spsolslo onan =~ thet of e@ sin, ly sisetrioal tube 
with oomtinuous direct streas carrdiny ooverw. In this oss. fomuloe are 
4iven for the detemain nt1 ejustion and for the ho function in eroh wll. 


Yor wtilit, on bLecclized tute de considered comslstin, of n 
nu bar of diloect stress cerning: roda rlong . nar: tora connected 6: sheet 
OF mw jpwrel: anerr sealatin reter£L.d. gor tun iderlised tube the equation 
Anvolvin, ths qoquetry of the root orcas section ta sl ebrodo instecd of 
ad Sotenthel ond there la onl: ona crbitrary conatont for o10. sll. There 
aro ne 3} oi alt> noow cyotiona an. the dctemJdnantsl equntion aia a 
finite meser, nw 3, oc. rocks. Per os Ldeclizod tube acving rere then 
6 =P Lon me the oo gutotior involved sould be hey. 


+0 S00uLu cp tion Jor a dev iiged lout boa. tupe hos but 
one woot rad ie Uiia aoge tie Doce, “indn ita si, leat appliostion. 
Tewav‘etionl osaultea far t' de cone leva baer, swemented in a fom. Aioh Ge 
1. a@ddetel: oorvernton® far on lut-ticre 


In yemerslo an Uis.snos for fie Uanot atrese curing abllit; 
a tie elle of a fare coy be ide bo cask mins sae partion of their orca 
sectional areas ta adjboent Soom of siriniern. Por thr onae of 9 four 
boa, tube a retions] procedure far ton hen ‘een su _ccated hy Aryyrde and 
Dunne, 
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Theoretion) Cogatr tions 


the oucves of theoretioal strmnin shown superL posed on the sraphs 
of expert: ental results were oagputed socordin: tot 


(a) the sleuentery engineers’ theories o: bending, ani torsion, 
(b) the theary of crgris ani Downe for the cam of an equivelent 


reuw boou tube 


(co) the theory of .rgyris and Dame for the oaee of 5 singly 
yramtrioal tube -ith direct stress carrying top ani bott an 


s 
COVERS » 


A brief reoord off the resulta ond provedure of oc putation is 
given in this appendix so thet the reader usy follow the min orgwents of 


the malyvesa. In the nocount of the mwocedure 


to «ngyris and 


Damne he ie referred to the approprinte sections and equatiopa of their 
"Generr.l Theory of Cylindrical and Conical Tubos wider Torsion and Bending 


londa*. 


Baewntery theory 


The ourves for strains by the elenentary theories hrve boon 


obtained fra: the formala 


é 


- 


zx 


pred 


ay 
—— ae ? 
Pig 
x a oih 
pie a pee a Tem, ; wy dn , 
G td G do 
z 
ee en ee ry 
2 ff agte 


here the notation is, sae Pigs. 3a and 3b. 


r disteres fra teper coirt 

Te distenoe fra. roct to taper point 

b 7 fy 

Ry woes sections) mre of tube at root 

: iaaent of tnerti: of tute at roct 

» @jatenoe srownl parieter of mection Oru. tr ort lin 


r& the root ames acotior 
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@ Assim’ ~ 


t +ell thioknecs 

y voius of y commssponding to a 

B,S dircot, ir sieor, clastiolt, uodull of uoterial 
& ep licd shesr farce 

& bonding noent ct : sootion 

/r sheer lond resisted by direct stres« along generator: 
Ye td = Wr) ahesr Loans resisted by shear stresses 

¥ 9 torsionc) souls sbout shnoor ooentre 

c longitudinal direct strwas 

» oagonent of simer atruss dus to Q 

T ebro a st sp = O if Q passed through 


t oerponent of sheor stress duc to torqu. T. 


Tho oorner angles, sha in Pigs 3n «ore considered to be - ncentrated 


aa boos show in Pigs 3b. In view of the si:plioity of t'.. expressions 
ond va the work was halved by the single s:tretry of croos --ction, shear 
strains were oaloulsted at os twny points around ths cros: ..ction as seeod 


desirable (about fifty) for suocth ourves to ba drow. 


Rguivalont four boa: tubs 


OO a ae 


on approxiostion to tie nxinl conatreint stresses woe weds ny 
the sethod augpeated in Appertix ...2.7. of the .ablished theary of 
Pyyris and Dees. In disoussin:, it, tio notrtion, fioure nwiers ond 
equations refes to text of th:< theor. 


Xoo dinenpions of cruss seation diulon ore shows in Pigesb of 
thie report vere substituted in equations (420), (421) end (..22) of the 
appendix givin, the followin: boas srens corresponding to “46.293 


A, a B, * 295799 r By * By ball 2.026% . 


Thea tens sud the dizewmsions of anos seution usc. then 
euratituted in equrtion (193) of Yert 4.5 givin, 


nm 


a “4 
Kh 2 GCS , 


dra aS Roan (kb) 


Al ToS = 


Pra: (231), (237) od (259) the (ii) functions vere found tc be 


(Wg, = 50865 (iy) = 00445 
(ig), = w-O7L (Hala, 2 71-720 
(Hedy = #e07h (He) wm 420945 
(Hy) 5183 a = =32040 


Pras (86a), vw ur, » 1h »6! functions of (1578) 
ond (157b), obtained sith the use of snd were for valucs of 
By = ®, 120 and 150 at asoh Cee ores soution are 


LO te a OR A ee et EF DE TD ED OO OH ODN 


0, » 0.5353 py * 06666 P4 td 0.5000 
a as (a pe 


0.716k | 00.8652 
—DebLIh | ef 827 


O04 332 | oO. 20ES | O1079 
“O.OER | 4051638 | 90.0555 
m6 OE er AbIZ AH? 


ae ee Oe ai 


eO,00RE | ~O.1077 | 20.4742 1 40,17 | 0.019% 
-~ - ln eed ar - - 


Es 


Vow oorrestion ac genente of atress were caguted sro (ode) and (235d) 
and toen augeekiqoped or yddon loom tae atasdine ov the slapentroy theorle , 


Covers orn lint streas 


Vormwctior striapoa vere - las foun oy tag uetood civen in 
bert 52° for a singly sewtrics] trapezoidce] tube. In this case the dires 
atrega in the covers i” Mariel co tut the spor webs ore tracted as 
purely abosr oerrying. To nake on alig eneoe for the direct atreascs in 
the wots, tha don. ry Bho, ir ime Sd, of thin report, ove been 
Odt. ined Sy sdding (/* off onoh vet crea to the ad oent boas of Pigs R. 


B-: substitutin, the di: enaions stow ir the oliedd ir 
e.uation (Be), D # h,672,600 ont egvtion (.%5.) ai plified to 


pin ( 3,5) 
(= scrotnh oa egt 9? © Cormees) mate 
( By) 


» (195 .2660" = 1692807) com (Amy) et 0 


|. today 


= nae As ne een sept» om seomgrnasietee ieee 
ea ene ome _ ae ee mene te gee oe ae 
eomemnemEES F oh Nee 3 2, ae 
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Fhia eqgu.tiorn fe trarsoendents] smi the Siret seven roota are 


dR = 0, Oett9320, 0,15 76L6, 06°5R259, 0.559556 
Ob 3959, OSS. 


Solutions :or egstions (A358) to (293) vere the: co.guted sor each of the 
e1x non-sero volues of 4 snd substituted in equations (495), (496) and 
(960) in onder to find My 5 ies (He) ond (Hy). Zhe HK functions 
age listed in Table 3} far the .cte the seven Ly spaced points sorons 
a ooveg, the diuension #8, shomn in tha toble, is nessured frau, tae 

centre of the sover. 


fhe G functicw were osloulated for enon of the values of A 
fra: (13570) and (1576) and are listed in sobles &, 3 and 6 for esoh atrain 
ii OCOGe seotion. 


Correction stresees were c:loulited tro. equations (1s) and 
(13d), ow (3190) and (3190). By taking the first etx significant values 

of oo, the distribution of strain around the aross seaticns we yiven by 

& elve tens of & trigonawstric series. Inble 7, duloh has been inolsded 
Nan euple, shows tho onloulotion for vection A of the test box vhen a 
tarque and a» shear load were applicd seperately at roe 150 (p, « 0.5353)6 
It AL be seen fro. the table thet convergence is reasonsble for pure torque 
but is inadequate fox bending. Aurther wwaults for londing at rs 150 

aye sugarised in Table &. 


It hed been hoped inktdolly that the temus woulu hove buen 
awYiolently convergent to interpret the shear lag erfeot in bencing. 
ASALtional tera vould have been va puted, jiowever na the labour of 
angutation and tabuletion off corrections for the tube -ith direct stress 
oartying covers was opproxinately 000 ran nours, it was deolded, after an 
inepwation cf the theurwtic:] and experioonts1 shear la, acfeata, that 
$@ would be unprofitable te sper further tine on this sapect of the 
yroble: prior to subsittin, the rapart. 


‘Sot rma: seannltens senate sapiens, 
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